We present a method to derive the dynamical mass of face-on galaxy disks using their neutral hydrogen (H i) velocity dispersion (σ H i ). We have applied the method to nearby, gas rich galaxies that have extended H i gas disks and have low inclinations. The galaxy sample includes 4 large disk galaxies; NGC628, NGC6496, NGC3184, NGC4214 and 3 dwarf galaxies DDO46, DDO63 and DDO187. We have used archival H i data from the THINGS and LITTLE THINGS surveys to derive the H i gas distributions and SPITZER mid-infrared images to determine the stellar disk mass distributions. We examine the disk dynamical and baryonic mass ratios in the extreme outer disks where there is H i gas but no visible stellar disk. We find that for the large galaxies the disk dynamical and H i gas mass surface densities are comparable in the outer disks. But in the smaller dwarf galaxies, for which the total H i gas mass dominates the baryonic mass i.e. M(HI)≥M(stars), the disk dynamical mass is much larger than the baryonic mass. For these galaxies there must either be a very low luminosity stellar disk which provides the vertical support for the H i gas disk or there is halo dark matter associated with their disks, which is possible if the halo has an oblate shape so that the inner part of the dark matter halo is concentrated around the disk. Our results are important for explaining the equilibrium of H i disks in the absence of stellar disks, and is especially important for gas rich, dwarf galaxies that appear to have significant dark matter masses associated with their disks.
INTRODUCTION
Neutral hydrogen (HI) gas is one of the best tracers of the dynamical mass distributions in galaxies Oh et al. 2015) . This is because of its cold, dissipational nature but also because it is the most extended, visible component of disk galaxies with radii typically twice the size of the stellar disks (Bigiel et al. 2010; Swaters et al. 2002; Mishra et al. 2017) . This is especially true for late type galaxies and low luminosity dwarfs where the H i distribution is usually several times the radius of the visible disk (Swaters et al. 2002; Hunter et al. 2012) . This makes H i an excellent tracer of galaxy rotation and the dynamical masses of galaxies (Bosma 1981; van Albada et al. 1985; Begeman 1989) . Hence, it is also a good tracer of the dark matter distribution in galaxies (Katz et al. 2019) .
The H i distribution and kinematics can also be used to constrain the halo density profiles of galaxies using their inner rotation curves (de Blok 2010; Gentile et al. 2004; van den Bosch et al. 2000) . In recent times this has become an important test of the cold dark matter (CDM) models of galaxy formation which predict cuspy halo profiles rather than isothermal core profiles (cusp-core problem) (Kuzio de Naray et al. 2008; de Blok 2010) . The ideal galaxies for such studies are low surface brightness (LSB) dwarf galaxies that are dark matter dominated even in their inner disks (McGaugh & de Blok 1998) . Studies of LSB galaxies have shown that they have the largest fraction of dark matter in our local Universe (de Blok & McGaugh 1997) and their H i mass typically forms the major fraction of their baryonic mass (McGaugh et al. 2000) .
Apart from measuring disk rotation, the H i disks in edge on galaxies have been used to constrain the large scale shape of dark matter halos (Peters et al. 2017; Banerjee et al. 2010; Olling 1996b Olling , 1995 . Warped H i disks have been used to investigate the alignment of the disk and halo angular momenta through modeling of the flared H i disks (Debattista & Sellwood 1999; Haan & Braun 2014) . In all these studies, the vertical gravitational force binding the H i gas is assumed to be solely due to the stellar disk (Patra et al. 2014; Malhotra 1995) . This assumption has also been used to model the vertical H i distribution and hence constrain the stellar disk height or vertical density profile (de Grijs & Peletier 1997) .
In very general terms, the H i disk rotation is supported by the gravitational force of the galaxy and especially the dark matter halo. The vertical support of the H i disk is due to the stellar disk potential which provides the gravity to bind the gas disk. Gravity tries to collapse the disk but is balanced by the velocity dispersion of the gas. Several mechanisms have been invoked to provide the energy input for the H i velocity dispersion, such as active galactic nuclei (AGN) activity or stellar winds that increase the H i velocity dispersion and turbulent gas pressure (Tamburro et al. 2009; Krumholz & Burkhart 2016) . However, the extended H i disks of galaxies such as LSB dwarfs and extreme late type spirals are not generally associated with AGN activity nor do they have ongoing massive star formation (Das et al. 2019 (Das et al. , 2007 and so it is not clear what mechanism feeds the vertical dispersion of gas in such galaxies (Stilp et al. 2013) .
A more puzzling problem is that galaxies with extended H i disks have hardly any visible disk mass in their outer regions. But a stellar disk is essential to provide the gravitational support for the vertical gas distribution, especially for H i rich dwarf galaxies and LSB galaxies (Kreckel et al. 2011; Mishra et al. 2017) , where even deep near-infrared (NIR) observations detect only very diffuse or low surface density stellar disks (Honey et al. 2016) . For such galaxies the stellar disk may not be massive enough to provide the vertical gravity for the extended H i disk and so the assumption that the H i disk is gravitationally supported by a stellar disk may not always hold. One of the ways to solve this problem is to include the presence of dark matter in galaxy disks so that it can help support the vertical equilibrium of the HI dominated disks. The existence of disk dark matter was first postulated by Oort (Oort 1932) and has recently been studied by several authors as a component of the Galactic disk (Kramer & Randall 2016; Fan et al. 2013; Saburova & Zasov 2013; Kalberla et al. 2007 ). The disk dark matter could be part of an oblate halo or it could be mass that has settled within the disk as a result of mergers with satellite galaxies (Read et al. 2008) .
In this study we investigate the dynamical mass of the outer disks of galaxies using H i velocity dispersion σ H i as a tracer of the local vertical disk potential. In the past few years, high quality H i observations have made it possible to trace the radial distributions of σ H i for a number of nearby galaxies (Ianjamasimanana et al. 2015; Mogotsi et al. 2016; Ianjamasimanana et al. 2017) as well as probe the cold and warm components of gas in nearby galaxies (Mogotsi et al. 2016; Ianjamasimanana et al. 2012) . These studies show that large column densities of H i exist in regions where there is hardly any stellar disk mass, good examples being the gas rich dwarfs DDO63 and DDO46 in the LITTLE THINGS survey (Hunter et al. 2012) .
In the following sections we first derive an expression for the surface density of the disk dynamical mass assuming that the vertical gravitational support of the H i gas disk is solely due to the stellar and gas masses. We then use H i data from the THINGS and LITTLE THINGS surveys to determine the dynamical disk mass surface densities in 7 nearby face-on disk galaxies and compare it with their baryonic mass surface densities using SPITZER IRAC 3.6µm images. Finally, we compare the dynamical and H i masses in the outer disks and discuss the implications of our results for understanding the dark matter distribution in galaxies.
THE DISK DYNAMICAL MASS
In this section we derive an expression for the vertical equilibrium of a disk assuming only gravitational support from stars and gas. Our treatment is mainly applicable to the outer regions of gas rich disk galaxies. We use H i as a tracer of the vertical potential so that the disk dynamical mass can be estimated using the H i velocity dispersion. There are two main conditions for applying this method. (i) There should be very little star formation and no nuclear activity in the regions where the dynamical mass is calculated as such activity will increase the turbulent gas velocity (v turb ) and the equations do not include v turb . (ii) The disk should be close to face on i.e. have low inclination. (iii) We neglect the molecular hydrogen (H 2 ) gas mass. This is not a bad assumption for the outer regions of galaxy disks which contain little or no molecular gas (Dessauges-Zavadsky et al. 2014) or for LSB dwarf galaxies where CO is not detected (Das et al. 2006 ).
Derivation of the Disk Dyamical Mass surface density Σ dyn
We start with the Jeans and Poisson equations for an axisymmetric system (Binney & Tremaine 1988) . Assuming that the system is time independent and the velocities along the r, φ, z directions are independent, we have −ρ i dΦ dz = d[ρiσz 2 ] dz , where ρ i represents the tracer density, and σ z is the velocity dispersion in the vertical direction. Using the Poissons equation and assuming H i to be the tracer of the potential, we obtain the following equations.
where ρ d is the disk stellar mass density, ρ HI is the H i gas density and σ zH i is the H i disk velocity dispersion in the vertical or z direction. Here we have assumed that the H i gas is a static, smooth atmosphere in equilibrium with the disk potential. The force in the vertical direction is given by,
If we assume that the stellar and gas disks have exponential mass distributions given by ρ d = ρ e e −z/ze and ρ HI = ρ g0 e −z/zg0 , (van der Kruit 1988), where z is the distance from the z = 0 plane then,
We have used an exponential form for the vertical mass distribution in the stellar disk and gas disk because it is the simplest form. Integrating both sides of the equation, from z=0 to ∞, we obtain,
The first integration on the right yields the term -4πGz e ρ e ρ g0 (z g0 − zg0ze (zg0+ze) ) while the second gives -2πGz g0 2 ρ g0 2 (where integration of the type ∞ 0 e − z ze dz = z e and ∞ 0 e − 2z z g0 dz = z g0 /2). For the left hand side we can assume that the gas density vanishes at large z. Then we obtain the following equation,
The total disk surface density Σ d including the stellar and gas components is given by the relation,
The z component of the H i velocity dispersion σ zH i is hence related to the total stellar and gas mass disk surface densities, Σ s and Σ zH i , in the following way.
This relation can also be written as,
Thus the disk dynamical mass traced by σ zH i is composed of two parts. The first is the sum of the stellar and gas mass surface densities, whereas the second is a coupling term that is due to the difference in the scale heights of the stellar and gas disks. For example if z e = z g0 , then, the third term in equation [9] vanishes and we have,
Until now we have assumed that the vertical support is only due to the visible stellar disk and the H i gas mass. For the outer disks of galaxies where there is no visible stellar disk Σ s ∼ 0. Then the left hand side then represents the dynamical mass surface density of the disk and is given by,
The mean H i velocity dispersion in the z direction σ zH i can be derived from the width of the H i velocity profiles of face-on galaxies (Petric & Rupen 2007; Ianjamasimanana et al. 2015) . Then using equation [9] we can determine the dynamical mass in the disk (Σ dyn ). The value of Σ dyn can be compared with the stellar and gas surface densities (Σ s + Σ HI + Σ s
), which can be determined from the near-infrared images and H i intensity maps.
This comparison is especially important for the outer disks of galaxies where there is no visible stellar disk supporting the H i disk. In these regions the equilibrium is given simply by taking Σ s ≈ 0, so that we get, Σ dyn = Σ HI . It must be noted that in such cases when there is no visible stellar disk, the value of z g0 will correspond to the scale height of the dynamical mass component that provides the binding gravity for the H i gas disk. This is important for understanding the nature of the dynamical mass component, whether it is part of an oblate halo or whether it is dark matter within the disk as discussed in Section 5.
However, for disk regions where there is no visible stellar disk and Σ dyn > Σ HI , it means that the disk dynamical mass is larger than the detected baryonic mass of the disk. This could indicate the presence of a very low luminosity, undetected stellar disk; alternatively there could be halo dark matter asssociated with the disk in the form of an oblate inner halo or a thick disk. The mass surface density of the dark matter associated with the disk Σ dm , can be determined from the difference between the dynamical and H i disk i.e.
In the following sections we apply this method to the outer H i disks of 4 large galaxies that are close to faceon and 3 dwarf galaxies that are also close to face-on. Our main aim is to see if Σ dyn is larger than Σ HI in the outer regions of galaxy disks and if so, by how much.
Velocity Dispersion in a Near Face-on Disk
This method can be applied only to face-on galaxies that have an inclination angle (i) close to 0. This is to minimize the rotational velocity component along the line of sight so that the velocity gradient is smaller within the finite beam of the telescope. It allows a more reliable estimate of σ zH i from the width of the H i line profiles (van der Kruit & Shostak 1982) . But such galaxies are hard to find, especially if high resolution momemt maps of the H i distribution are also essential. Hence, we have relaxed the criterion to include galaxies with i <40 • (Table 1 ). The value of σ zH i can then be approximately determined by averaging the values over concentric annuli in the disks. If we assume that σzH i σr = 0.5 (Dehnen & Binney 1998) , and using cylindrical coordinates (r,φ,z) for the disk, then from Das et al. (2019) ,
where σ H i is derived from the width of the H i profiles. The correction factor introduced by equation[13] ranges in value from 1 (at 0 degrees) to 0.45 (at 45 degrees). It leads to a lower estimate of the disk dynamical mass, so not using the correction would lead to higher dynamical mass estimates.
The Scale Height of the H i Gas Disk
Observations of edge on disk galaxies show that the cool H i disk can have a FWHM of 260 pc in the central region of the disk but may flare out to a FWHM of 1.6 kpc in the extreme outer parts (Zschaechner & Rand 2015; Matthews & Wood 2003) . In the H i plots of Matthews & Wood (2003) we find that to a first approximation the H i disk thickness appears to be fairly uniform and has a value of ≈ ±30 ′′ or 0.75kpc. The extended disks in these observations are similar to the H i dominated outer disks of late type galaxies and the diffuse disks of gas rich dwarfs. Other observations of edge on disk galaxies indicate that the H i disks have a z 1/2 (H i) value of ≈0.5 kpc as shown in Figure 25 of O'Brien et al. (2010) , unless there is a warping or flaring of the outer disk.
In our calculations the z 1/2 (H i) value represents the disk scale height that contains most of the H i mass. Hence we have assumed the disk thickness corresponds to the density 0.1ρ g0 , where ρ HI = ρ g0 e −z/zg0 . This height contains 90% of the H i surface density as shown below.
Hence, the exponential scale height of the vertical H i gas distribution z g0 is related to the half z height z 1/2 by,
An accurate estimate of Σ dyn should include a radial variation of z 1/2 for both the stellar and H i disks as they both affect the values of Σ dyn . But since this study is mainly aimed at comparing the Σ dyn with the Σ H i in the outer disks of galaxies, we will use constant dynamical disk width values of z 1/2 =0.5 kpc for the large disk galaxies (NGC628, NGC6946, NGC3184 and NGC4214). For the dwarf galaxies, since they have puffier stellar/H i disks (DDO46, DDO63 and DDO187) we will use two values of z 1/2 =0.5 and 1 kpc. The stellar disk thickness is relevant for only one galaxy (DDO187) as discussed in section 4. We will assume a similar relation as equation [15] for the stellar exponential vertical scalelength z e .
APPLYING OUR METHOD TO NEARBY
FACE-ON GALAXIES
Sample Selection
We have chosen our galaxies based on the following criterion : (i) The H i gas should extend well beyond their star forming stellar disks. This is because the expression in equation [9] holds for H i disks in hydrostatic equilbrium and this may not apply to regions where there are AGN outflows or massive star forming regions which can increase the turbulent gas pressure and destroy the disk equlibrium. However, on average over sections of the disk, the mechanical energy input from star formation may still produce a H i gas layer in dynamical equilibrium with the gravitational potential. So our assumption is that whatever causes the H i velocity dispersion, the gas is largely in equilibrium from a dynamical stand point.
(ii) The galaxies should be nearby so as to obtain several beam widths across the disks and hence several values of the azimuthally averaged H i velocity dispersion.
(iii) The galaxies should have low inclinations in order to trace the vertical motion (z direction). We have finally selected seven galaxies (Table 1) that have relatively high H i gas masses, are at distances 2 to 11 Mpc and have inclinations less than 40 • .
The first four galaxies NGC628, NGC6946, NGC3184 and NGC4214 are large, late type spirals that have H i to stellar disk mass ratios M(HI)/M(star)<1 (Table 1) and host star formation in their inner regions. But in all of them the H i gas disk extends well beyond the R 25 radius of the galaxy and the old stellar disk. They are all part of the The H i Nearby Galaxy Survey (THINGS) survey ). The galaxies NGC628, NGC6946 and NGC3184 are grand design spirals with moderate star formation rates (SFRs) of values 1 to 5, but NGC4214 has a much lower SFR of 0.05 ). The size, gas rich nature and SFR of NGC4214 is more akin to that of late type dwarf galaxies (Das et al. 2019 ) than large spirals. The galaxies NGC628 and NGC6946 also have compact H ii regions in their outer disks (Ferguson et al. 1998; Lelièvre & Roy 2000) , which is rare and often attributed to cold gas accretion from the intergalactic medium which can trigger star formation (Thilker et al. 2007) . Their outermost star forming regions are associated with their inner spiral arms and can be traced into the outer disk using GALEX UV images . Figure 1 shows an example of how the H i disk can extend well beyond the stellar disks of late type galaxies such as NGC628. The H i disk is about three times the size of the stellar disk. This is a well known type I extended UV (XUV) galaxy (Thilker et al. 2007 ); such galaxies are characterised by UV emission from star formation along spiral arms in their extended disks. Most of the UV emission coincides with the stellar disk but faint trails of UV emission extend into the outer H i disk, following the disk spiral structure.
The remaining 3 galaxies, DDO46, DDO63 and DDO187 are gas rich dwarfs and are all part of the Local Irregulars That Trace Luminosity Extremes; The H i Nearby Galaxy Survey (LITTLE THINGS) survey (Hunter et al. 2012) which is a survey of nearby, gas rich irregular/dwarf galaxies. All 3 galaxies have high H i to stellar disk mass ratios M(HI)/M(star)>1 (Table 1) but very low SFRs with values ranging from 0.001 to 0.005 (Hunter et al. 2012) . Although they appear to be irregular in shape, they clearly have disks as indicated by their rotational to vertical velocity ratios v rot /σ z > 1 (Johnson et al. 2015 ). These classical low luminosity dwarfs are dark matter dominated and their rotation curves indicate that their dark matter halos have flat cores rather than cuspy profiles (Oh et al. 2015) .
Archival Data
The H i maps of NGC 628, NGC 6946, NGC 3184 and NGC 4214 were obtained from THINGS and have a spectral resolution of either 2.6 km s −1 or 1.3 km s −1 and spatial resolution of ∼ 6 ′′ in the robust weighting scheme. This is important for obtaining a good H i surface density profile. For example in NGC628 (Table 1) the H i images have a spatial resolution of ∼ 6 ′′ or 212 pc assuming a distance of 7.3 Mpc. The H i velocity dispersions were derived by fitting a single Gaussian function to the H i emission profiles. For the dwarfs (DDO46, DDO63, DDO187), the H i data was obtained from LITTLE THINGS (Hunter et al. 2012) which has a spectral resolution of either 2.6 km s −1 or 1.3 km s −1 and a spatial resolution of ∼ 6 ′′ , which matches the resolution of THINGS. To derive the stellar masses we used the mid-infrared (MIR, 3.6µm) Spitzer Infrared Array Camera (IRAC) images of the galax- ies from the Spitzer Infrared Nearby Galaxies Survey (SINGS) (Kennicutt et al. 2003) .
We have not included the molecular hydrogen gas (H 2 ) masses for the galaxies in this study mainly because we are interested in the dynamical masses of the outer disks of galaxies, where there is very little H 2 gas. These regions lie beyond the R 25 radius, which is the radius at the optical 25 mag arcsec −2 isophote. The molecular gas in the galaxies NGC628, NGC6946, NGC3184 and NGC4214 lie well within their R 25 radii ). Molecular gas is not detected in DDO63 ), DDO46 or DDO187 (Taylor et al. 1998 ).
The H i and stellar surface densities
To determine the disk surface density for the H i disk we used the miriad task ellint to determine the mean and total flux within annuli of width equal to the mean beamwidth of the observations (Sault et al. 1995) . The annuli were centered at the optical center of the galaxy and we used a fixed inclination angle and position angle (Table 1) , which are the same as that of THINGS . The H i mass was calculated using the relation M(HI)=1.4 × 2.36 × 10 5 D Mpc 2 S v where S v is the flux in units of Jy km s −1 and the multiplicative factor of 1.4 is the correction for including helium (Table 1) .
To determine the stellar mass we used a mass to light (M/L) ratio 0.5 (McGaugh & Schombert 2014) ( Table 1) . Total luminosities were determined directly from archival IRAC images using the techniques outlined in McGaugh & Schombert (2014) from the 3.6µm curve of growth. Note that the H i mass is an order of magnitude larger than the stellar mass for the dwarf galaxies but is comparable to the stellar mass in the large spiral galaxies (Table 1 ). The stellar 3.6µm surface brightness at the outermost disk radii lies between 24 to 26 mag/arcsec 2 for the dwarf galaxies but for the larger disk galaxies it varies between 21 to 27 mag/arcsec 2 . However, in all the galaxies the surface brightness profile has a decreasing trend in the outer disk (Figures 2  and 3 ) and the stellar disk mass surface density appears to be falling rapidly.
The figures in section 4 show the surface mass density of H i and stars (Σ(HI), Σ(s)) for our sample. The stellar disk lies well within the R 25 radii for all the galaxies except for DDO187. The H i gas disk is the most extended component, reaching out to twice the R 25 radius for nearly all the galaxies except NGC4214.
The H i velocity dispersion across the disks
We followed the procedure outlined in (Ianjamasimanana et al. 2012 ) and (Ianjamasimanana et al. 2017 ) while deriving the radial variations of the H i velocity dispersion accross the H i disk of the galaxies. In summary, we line-up individual velocity profiles to the same reference velocity and co-add them to get azimuthally-averaged high signal-to-noise (S/N) profiles. Note that only individual profiles with a S/N better than 3 times the rms noise level in a single channel map were coadded. We then fit the high S/N stacked profiles with a single Gaussian function. The width of the fitted Gaussians represent the velocity dispersion of the bulk of the H i gas. As studied in detail in Ianjamasimanana et al. (2017) (see also Ianjamasimanana et al. (2012) and Mogotsi et al. (2016) ), the stacking procedure outlined above effectively reduce the effects of noise in the derivation of the velocity dispersion. In addition, a Gaussian fit to the profile gives a more robust estimate of the velocity dispersion as opposed to the more straightforward moment map analysis. This is because moment maps values are more prone to the effects of low-level uncleaned fluxes than single Gaussian fitting values unless a very careful clipping is applied. For a full discussion of this, we refer the reader to Ianjamasimanana et al. (2017) . Note that in their papers Ianjamasimanana et al. (2012) and Ianjamasimanana et al. (2015) separate the HI profiles in terms of broad and narrow Gaussian components. Here, our choice of a single Gaussian fit is motivated by the fact that we are mainly interested in the outer disks of galaxies where the contributions of the narrow components to the global shapes of the azimuthally averaged velocity profiles are not important (for details see Ianjamasimanana et al. (2015) ). Thus a separation into narrow and a broad Gaussian components are not relevant for the purpose of this work. Figure 2 shows the radial variation of the velocity dispersion across the galaxy disks. Note that the large galaxies, and especially NGC6946, clearly show non-declining H i velocity dispersion in the outer parts of their disks.
The nearly face-on orientation of the galaxies in our sample means that the H i velocity dispersion closely traces the velocity in the z direction (σ H i ). We use equation [13] with the respective inclination angles (Table 1) to obtain σ zH i . As reported in the literature, the velocity dispersions have a much shallower profile than the SFR density profiles even in the outer disks where star formation is absent or unimportant. This indicates that mechanisms other than star formation are also important to drive the linewidth of the H i.
RESULTS

Dynamical and H i Masses of the Outer Disks
One of the main aims of this paper is to investigate what gravitationally binds the extended H i disks of galaxies in regions where there is no visible stellar disk. For example Figures 3 and 4 show that the stellar disks traced by 3.6µm emission, have smaller disk radii than the H i disks. Also, the stellar disks lie within the R 25 radii for all the galaxies except for DDO187. Within the R 25 radii of the large galaxies (Figure 1) , the stellar mass surface density Σ s is several magnitudes higher than Σ H i . The gravity of the stellar disk maintains the vertical structure of the H i disk. The star formation within this region can give rise to turbulence in the gas which can contribute to the gas pressure which helps to balance the gravitational force of the disk.
But in the regions R > R 25 where the stellar disk surface density Σ s is very low, there must be some other mass to gravitationally bind the H i disk since just the self gravity of the H i cannot maintain the vertical structure. We have applied our analytical results discussed in Section 2 to these regions i.e. radii R > R 25 , by assuming vertical equilibrium and applying equation [11] , i.e. Σ dyn = σzHI 2 πGzg0 . In Figure 3 , we have compared Σ dyn with Σ H i for the normal galaxies using the vertical disk scale height z 1/2 = 0.5 kpc. Figure 4 shows the same for the dwarf galaxies but for two vertical disk scale heights, z 1/2 = 0.5 kpc and 1 kpc. Observations of edge-on galaxies suggests that z 1/2 = 0.5 kpc is a good approximation for the vertical height of the H i layer in large disk galaxies (Zschaechner & Rand 2015) . But dwarf galaxies have puffier H i disks, hence z 1/2 = 0.5 kpc and 1 kpc are suitable values for this pilot study (Kamphuis et al. 2011) . The assumption here is that the dynamical mass has a scale height similar to the H i vertical scale height. The Σ dyn decreases for larger vertical disk heights, which is to be expected as the smaller z 1/2 values means larger disk gravity and hence larger dynamical mass (Figure 4) .
From Figure 3 it is clear that Σ dyn as traced by the H i velocity dispersion is at least 1.5 to 2 times the value of Σ H i in the region R > R 25 for the galaxies NGC628, NGC3184 and NGC4214. For NGC6946, the difference Table 1 ). Note-The H i, stellar and dynamical masses are derived for the regions R > R25B . The lower and upper radii are listed in column 6, and the R25B radii are given in Table 1 . Stellar⊙ HI and D(na ical Mass in NGC4214 Figure 3 . (a) Shown above is the surface mass density of stars Σ(stars) (black), H i Σ(HI) (green) and the dynamical mass derived from the H i velocity dispersion Σ(dyn) (red) for the large disk galaxies NGC628, NGC6946, NGC3184, NGC4214. The disk half width z 1/2 is assumed to be 0.5kpc for all galaxies and the dashed vertical line marks the R25 radius of the galaxy. Note that the dynamical mass density Σ(dyn) is comparable to Σ(HI) only in regions where there is very little stellar mass, which is usually in the extreme outer radii. All 4 galaxies have M(HI)<M(stars). (a) Shown above is the surface mass density of stars Σ( * ) (black), H i Σ(HI) (green) and the dynamical mass derived from the H i velocity dispersion Σ(dyn) (red) for the gas rich dwarf galaxies DDO46, DDO187 and DDO63. The disk half width z 1/2 is assumed to be 0.5 kpc and 1 kpc for all galaxies; the dashed vertical line marks the R25 radius. Note that the dynamical mass density Σ(dyn) is greater than Σ(HI) nearly over the entire galaxy disks.
between Σ dyn and Σ H i is not very significant but since the disk is very extended, the total dynamical mass beyond R 25 does become important. Table 2 shows the H i, stellar and dynamical masses determined for the regions R > R 25 . The upper radii for mass estimates are listed in column 6, and the R 25 radii (in the B band) are given in Table 1 . The upper radius is limited by the signal to noise of the H i velocity dispersion which traces the dynamical mass. In the case of the gas rich dwarf galaxies, M(dyn) is much larger than M(H i) for nearly all radii (Figure 4) and especially for R > R 25 . For radii R < R 25 , the M(H i) is comparable to or larger than the stellar mass M(stars). This is not surprising as it is well known that the gas to stellar mass ratios are much higher for dwarfs i.e. M(HI)/M(stars)>>1 (Table 1). But for the outer radii (R > R 25 ), depending on the assumed vertical scale heights of the disks, the M(dyn) can vary from 2 to 14 times the value of M(H i). The most striking case is DDO187, where M(dyn) is several times the value of M(H i) in the region R > R 25 for both z 1/2 =0.5 and 1 kpc ( Table 2) .
Comparison of the dynamical to baryonic disk masses for radii R > R 25
To compare the dynamical and baryonic masses (M(HI)+M(stars)) of our galaxies in the outer disk regions, we have summed over the surface densities Σ dyn and [Σ HI +Σ s ] in the outer radii (Table 2) . For all the galaxies except DDO187, we find that there is no stellar mass visible in the 3.6µm NIR images at radii R > R 25 . Hence, they have M(baryonic)=M(HI) for these regions. For the normal, large galaxies NGC628, NGC6946, NGC3184 and NGC4214, assuming a disk half thickness or height value of z 1/2 =0.5 kpc the M(dyn)/M(baryonic) varies between 4.4 and 5.2. But for the dwarf galaxies, since their stellar disks are more diffuse and maybe thicker, we have calculated M(dyn)/M(baryonic) for z 1/2 =0.5 and 1 kpc ( Table 2) . It varies between 4.6 to 14.3 for z 1/2 =0.5, but varies between 2.3 to 7.2 for z 1/2 =1 kpc. As the disk thickness is increased, the difference between the dynamical and baryonic masses becomes smaller, which follows from the form of the expression for Σ dyn (equation [11] ). The M(dyn)/M(baryonic) is the largest for the gas rich dwarf galaxy DDO187. It is clear from Table 2 that for some of the dwarfs the non-luminous mass associated with the disks is very significant and comparable to or more than the stellar disk mass of the galaxy (Table 1 ).
An estimate of the non-luminous mass associated with the disks for the region R > R 25 is shown in the last column of Table 2 . The values of M dyn -[M(HI)+M(stars)] are of the order of ∼ 10 9 M ⊙ for the larger galaxies (NGC628, NGC6946, NGC3184) but around ∼ 10 7 − 10 8 M ⊙ for the smaller/dwarf galaxies. In fact for the dwarf galaxies this mass is comparable to the stellar disk masses. The smaller galaxies are also the ones that are more gas rich and lower in luminosity. Hence, the outer disks of dwarf and low luminosity galaxies maybe dark matter dominated as discussed in the next section. However, it must be noted that the mass in the disk region R > R 25 is in no way comparable to the total halo masses of the galaxies, which are typically 10 to 100 times the stellar masses in bright to low luminosity galaxies. Our present sample consists of nearly face on galaxies for which reliable rotation curves cannot be obtained and hence we cannot estimate the dark halo masses.
The Non-declining Dynamical Masses of the Outer Disks
One of the surprising aspects of the H i velocity dispersion profiles of nearby galaxies is that it does not always fall rapidly to zero in the outer disks (Ianjamasimanana et al. 2017 (Ianjamasimanana et al. , 2015 (Figure 2 ) and hence the dynamical mass also does not decline (Figures 3 and 4) . This is especially true in the case of the large galaxies NGC628, NGC6946 and NGC4214 and the dwarfs DDO46 and DDO187, all of which clearly have non-declining disk dynamical mass curves. This is somewhat similar to the rotation curves of galaxies where the non-declining, flat rotation curves at large galactic radii indicates the presence of halo dark matter (Rubin et al. 1985; McGaugh et al. 2001; McGaugh 2014) . Similarly, for the extended H i disks, the large differences between the disk dynamical masses and baryonic masses of face-on galaxies may indicate the presence of non-luminous disk mass extending out to radii well beyond the stellar disks. Deeper and more sensitive H i observations with upcoming telescopes such as the ngVLA or SKA, will help us probe these outer disk regions and put better contraints on the H i disk sizes of galaxies (Blyth et al. 2015) .
IMPLICATIONS
One of the most important results of this study is that the baryonic mass surface density maybe lower than the dynamical mass surface density in the outer disks of galaxies, which implies that there is not enough baryonic mass (in the form of stars and H i gas) to bind the disk structure beyond R 25 . This is clear from Table 2 which shows that M dyn M(HI)+M(stars) > 1 in the region R > R 25 . This could mean two things, (i) there is low luminosity stellar mass in the outer disks which provides the gravity to maintain the vertical structure of the extended H i disks or (ii) there is dark matter associated with the disks.
For the first case, most of the low luminosity mass has to be in the form of low mass stars that are not detected in near-infrared (NIR) observations. Deeper NIR observations could reveal more of this disk mass. However, the stellar mass profiles in Figures 3 and 4 indicate that the stellar mass distributions fall sharpy near the R 25 radius for all the galaxies. So a low luminosity stellar disk providing the gravity for maintaining the disk in the region R > R 25 is unlikely.
If dark matter provides the gravitational force for binding the disk, it can have two possible origins. First of all, the dark matter could be the inner, denser part of the galaxy halo. In this scenario, the halo has a flattened or oblate shape and so the inner halo is associated with the disk, which increases the mass surface density of the disk. The corresponding Σ dm (equation [12] ) will increase the total mass surface density and support the vertical equilibrium of the H i disk. Oblate halo shapes have been investigated in earlier studies (Olling 1996b; Becquaert & Combes 1997) using the H i velocity dispersion of nearby edge-on galaxies, but not with face-on galaxies as discussed in this paper. Olling (1996a) applied their method to NGC 4244 and their results suggest that the halo has an axis ratio of ∼0.2, which represents a very flat halo and could mean that the dark matter halo mass is associated with the extended H i disk. The method has also been applied to the Milky Way (Olling & Merrifield 2000) but the results suggests that the Milky Way halo is not oblate.
Flattened, non-spherical halo shapes may result from higher values of halo spin. Simulations suggest that low luminosity galaxies, such as LSB galaxies, do have higher specific angular momentum and lower stellar disk surface densities (Kim & Lee 2013) . In our study we find that the low luminosity dwarf galaxies have the largest M dyn M(baryon) ratios (Table 2) , and the lowest disk surface densities. It is possible that this is due to an oblate halo shape which can be due to larger halo spin. A flattened dark matter distribution would also increase the midplane density of mass in the galaxy. If it has a similar scale height as the gas as assumed in this paper, it can be compared with the mass models derived from rotation curves (Carignan et al. 1990 ). We will be exploring this in a future study.
The second origin, the existence of disk dark matter was first postulated by Oort (Oort 1932) who used it to explain the vertical equilbrium of old stars in the Galactic disk. It has also been invoked to explain the flaring of the Galactic gas disk (Kalberla et al. 2007 ) and has been included as a component of the Galactic disk in several studies (Kramer & Randall 2016; Fan et al. 2013; Saburova & Zasov 2013) . The origin of disk dark matter has not been extensively explored but studies suggest that it could have formed as a result of mergers with satellite galaxies in ΛCDM simulations (Read et al. 2008) . Other studies suggest that disk dark matter may be distinct from the halo dark matter and is clumpy in nature, because it has settled within the disk (Buckley & DiFranzo 2018) .
Another important implication of our study is for star formation in the outer disks of galaxies. Star formation is triggered on global scales by processes such as galaxy interactions, mergers, spiral arms and bar instabilities. Or it can be triggered by local events such as gas compression due to supernova shocks, stellar winds and AGN outflows. But on smaller scales it arises due to local disk instabilities that maybe sheared out into small, flocculent spiral arms. In the outer disks of isolated H i dominated galaxies, there are no clear spiral arms or winds/outflows that can trigger star formation and so local disk instabilties are the main cause for star formation in these regions. Early studies have shown that disk stability is defined by a factor Q = κσ πGΣ (commonly called the Toomre Q factor), where κ is the epicyclic frequency, σ s is the stellar velocity dispersion and Σ is the stellar mass surface density. If Q < 1, a disk is unstable to small perturbations (Safronov 1960; Toomre 1964 ). An expression for Q has also been derived for disks composed of gas and stars (Jog & Solomon 1984; Rafikov 2001) . In all these cases the disk becomes closer to instability as the mass surface density of baryons increases.
Many disk galaxies have compact regions of star formation in their outer disks (e.g NGC6946 and NGC628) and are detected in Hα emission (Ferguson et al. 1998; Barnes et al. 2012) or UV emission (Thilker et al. 2007; Gil de Paz et al. 2007; Boissier et al. 2007 ). However, a purely H i gas disk may not have the self gravity to become unstable and form stars and the Toomre Q factor due to H i alone is too high (Q > 1) (Das et al. 2019) . The presence of low luminosity disk mass or halo dark matter associated with the disks can lower the Toomre Q factor, thus allowing local instabilities to form and leading to star formation (Krumholz & Burkhart 2016) . But not all galaxies may have enough disk mass in their outer regions to allow gravitational instabilities to develop. Hence, only galaxies with enough low luminosity mass or dark matter in their outer disks can support star formation in these extreme environments.
Extended low luminosity or dark matter disks are also important for the inside out growth of galaxy disks driven by gas accreted via galaxy tidal interactions, major mergers, minor mergers (Marasco et al. 2019; Heald et al. 2011) , or from the intergalactic medium (IGM) from the filaments of the cosmic web (Noguchi 2018; Kleiner et al. 2017; Dekel et al. 2009; Kereš et al. 2005) . Whatever the accretion process, star formation can proceed only if the disk mass surface density Σ is high enough to allow local or large scale instabilities to develop. If the outer disk is already close to instability (Q∼1) then any increase in Σ due to external gas accretion can further lower the Q value and trigger local star formation. The importance of disk dark matter is that it can increase Σ in the outer extremities and aid the onset of star formation. 6. CONCLUSIONS 1. We have derived an analytical expression for estimating the dark matter in the disks of galaxies using the stellar and H i gas distributions, and the mean H i velocity dispersion derived from fitting a single Gaussian function to azimuthally stacked H i profiles. Our method can be applied to face-on galaxies with extended H i disks. 2. We have applied our method to the extended H i disks of the large disk galaxies NGC628, NGC6946, NGC3184, NGC4214 and the gas rich dwarf galaxies DDO46, DDO63, DDO187. We have used the distribution of H i velocity dispersion to derive the disk dynamical masses Σ dyn and compared it with the disk baryonic masses in the regions R > R 25 using H i half disk thickness values of 0.5 kpc for the large galaxies, and half disk thickness values of 0.5 kpc and 1 kpc for the smaller dwarf galaxies. 3. Our results show that for the large disk galaxies Σ dyn > Σ H i for R > R 25 . But for the dwarf galaxies Σ dyn > Σ H i for nearly all radii and is the largest for DDO187. 4. Our results mean that either there is a very low luminosity stellar disk in the outer regions of the galaxies, or there is dark matter associated with the outer disks. The latter can occur if the halo is very oblate or if interactions with galaxies lead to the buildup of disk dark matter. The disk dark matter is important for supporting the H i gas layer in the extreme outer parts of galaxies where there appears to be no stellar disk. 5. The disk dark matter also has important implications for outer disk star formation as Σ dm decreases the Toomre Q factor and this can lead to the onset of local disk instabilities, and hence star formation. This is important for explaining the star formation in XUV disk galaxies and Hα detected from star formation in the extreme outer disks of some local galaxies. It also suggests that gas accretion in galaxies can lead to outer disk star formation only when the Σ dm is large enough to support local disk instabilities in the outer parts of galaxies.
